Introduction
============

Nanotechnology is now widely used throughout the pharmaceutical industry, medicine, electronics, robotics, and tissue engineering. The use of nanoparticles in the development of delivery systems for small molecules, DNA, RNA, plasmids, and proteins has been studied extensively over the past decade. Nanoparticles have also been used to deliver drugs to target tissues and to increase stability against degradation by enzymes.

One of these nanoparticles is the superparamagnetic nanoparticle, which can be manipulated by an external magnetic field to lead it to the target tissue.[@b1-ijn-7-5745] Superparamagnetic nanoparticles are relatively safe and can also be used as contrast agents in magnetic resonance imaging. The nanostructure is based on an inorganic core of iron oxide, such as magnetite (Fe~3~O~4~), maghemite (γ-Fe~2~O~3~), or other insoluble ferrites coated with a polymer such as dextran, chitosan, poly(ethylenimine) (PEI), poly(ethylene glycol) (PEG), or copolymers, such as (PEI-PEG-chitosan).[@b2-ijn-7-5745] Magnetite is an important type of magnetic material, having a cubic inverse spinel structure, and has been the subject of increasing attention because of its use in magnetic recording tape,[@b3-ijn-7-5745] ferrofluid,[@b4-ijn-7-5745] catalysts,[@b5-ijn-7-5745] and biomedical applications, such as magnetic resonance,[@b6-ijn-7-5745]--[@b8-ijn-7-5745] bioseparation,[@b9-ijn-7-5745]--[@b11-ijn-7-5745] drug targeting,[@b12-ijn-7-5745],[@b13-ijn-7-5745] and hyperthermia.[@b14-ijn-7-5745]--[@b17-ijn-7-5745] Magnetic nanoparticles of iron oxide have been studied extensively in various applications, such as controlled magnetic transportation of anticancer drugs as well as generation of hyperthermia.[@b18-ijn-7-5745]--[@b20-ijn-7-5745] The progress of systems for targeted drug delivery has been reviewed by Moghimi et al.[@b21-ijn-7-5745] Previous study on in vitro evaluation of the characteristics of nanoparticles found that some of the most important factors determining nanoparticle cytotoxicity were particle size, particle morphology, surface area, and particle reactivity in solution.[@b22-ijn-7-5745]

Researchers have synthesized magnetite particles coated with dextran to enhance the capture of magnetite nanoparticles in capillary tissue.[@b23-ijn-7-5745] Carriers were prepared from poorly soluble drugs by grafting hydrophobic moieties, hydrophilic moieties, and glycidol.[@b24-ijn-7-5745] Novel magnetic iron oxide nanoparticles were also coated with PEI-g-PEG for potential biomedical application.

Lung cancer is one of the most common cancers in the world. Gallic acid has a wide range of biological applications and is distributed in a variety of fruits, plants, and foods. A polyhydroxylphenolic compound, gallic acid has antiviral, antibacterial, antimelanogenic, and anticancer activity in a range of cells. Cell cytotoxicity and adhesion studies have shown that superparamagnetic iron oxide nanoparticles are toxic to human dermal fibroblasts, and their internalization results in disruption of the organization of the cytoskeleton in these cells.[@b25-ijn-7-5745] The objective of this work was to synthesize a nanocarrier comprised of ferrite nanoparticles coated with chitosan and gallic acid (FCG) for active drug delivery and specific cell targeting in normal human fibroblasts (3T3) and in cancer cell lines.

Materials and methods
=====================

Materials
---------

All the materials used in this study were of analytical grade and required no further purification. Iron (II) chloride tetrahydrate (FeCl~2~·4H~2~O ≥ 99%) and iron (III) chloride hexahydrate (FeCl~3~·6H~2~O, 99%) were purchased from Merck KGaA (Darmstadt, Germany). Chitosan (low molecular weight, deacetylation 75%--85%) was sourced as a raw material for Sigma-Aldrich (St Louis, MO). Gallic acid of 97% purity was also obtained from Sigma-Aldrich. Aqueous acetic acid solution 99.8% was used as a solvent for chitosan, purchased from Hamburg Industries Inc, Hamburg, Germany. All the aqueous solutions were prepared using distilled deionized water (18.2 M · Ω cm^−1^).

Preparation of chitosan
-----------------------

To prepare the Fe~3~O~4~-chitosan nanoparticles, chitosan was first coated onto the surface of the nanoparticles by physical absorption, and the resulting Fe~3~O~4~-chitosan nanoparticles were obtained.[@b26-ijn-7-5745] Typically, 0.5 mL of acetic acid 99.8% was made up to a volume of 100 mL with deionized water, and 1 g of chitosan was added to the solution (0.5%) under vigorous mechanical stirring for 3 hours. Chitosan has a strong metal ion-chelating ability as a result of the nitrogen atom, so chitosan is a potential antioxidant based on its metal ion deactivation.[@b27-ijn-7-5745] Gallic acid is attractive for conjugation onto chitosan because of the high reducing potential and low O−H band dissociation enthalpy of the trihydroxyl groups on the benzene ring; the possibility for the bulky group on the benzene ring of gallic acid to obstruct the intermolecular and intramolecular hydrogen bond network of chitosan; the multifunctional hydrophilicity based on the hydroxyl and carboxyl groups; the carboxylic acid group for conjugation with chitosan; and it being a natural product.[@b27-ijn-7-5745]

In addition, chitosan can be chemisorbed onto the anionic magnetite surface and is visible as a silk-like black precipitate. It is also feasible that unbound primary amino groups, hydrogen bonding, electrostatic attraction, and hydrophobic effects may play an important role in preventing aggregation of chitosan-coated superparamagnetic iron oxide.[@b26-ijn-7-5745]

Previous research also suggests that the scavenging mechanism of chitosan against free radicals may be related to the active hydrogen of NH~2~ on the C2 and OH groups at the C6 position. Therefore, gallic acid can interact with macromolecular chitosan radicals generated by redox pair systems, particularly NH~2~ at the C2 position and OH groups at the C6 position.[@b28-ijn-7-5745]

Preparation of magnetic nanoparticles and coating procedure
-----------------------------------------------------------

Because the surface of the iron oxide is negatively charged, it has an affinity toward amine groups of chitosan. Therefore, protonated chitosan could be coated on the magnetite nanoparticles by electrostatic interaction and chemical reaction through epichlorohydrin crosslinking.[@b29-ijn-7-5745] The amino groups present on the chitosan can be used for further functionalization with other functional groups from the drug moiety with specific binding sites.[@b26-ijn-7-5745]

Iron oxide nanoparticles were prepared by dissolving 2.43 g ferrous chloride tetrahydrate (FeCl~2~·4H~2~O), 0.99 g ferric chloride hexahydrate (FeCl~3~·6H~2~O), and 80 mL of deionized water in the presence of 6 mL ammonia hydroxide (25% by mass). The solution was exposed to ultrasonic irradiation (20 kHz) for one hour. The precipitate was then centrifuged and washed three times, after which the washed precipitate was dispersed in 100 mL of deionized water and mixed with 10 mL of chitosan (1%) and 10 mL of gallic acid (4%) dissolved in water. The mixture was then stirred for 24 hours. Next, the black precipitate was collected by permanent magnet and dried in an oven. It is obvious that changing the pH can affect the superparamagnetic performance and grain size of iron oxide nanoparticles. Previous study has shown that when pH is \<11, the grain size is slightly decreased with increasing pH values; however, when pH is \>11, the grain size stays almost unchanged.[@b30-ijn-7-5745] A previous study suggested that the optimum pH to produce pure magnetic nanoparticles must be within the range of 9.7--10.6. pH values below 8.5 may cause side reactions, namely production of goethite maghamite.[@b31-ijn-7-5745]

MTT cytotoxicity assay
----------------------

MCF-7, 3T3, and HT29 cell lines were obtained from the American Tissue Culture Collection (Manassas, VA) and maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum, L-glutamine 15 mmol/L, penicillin 100 U/mL, and streptomycin 100 μg/mL, and incubated at 37°C in humidified 5% CO~2~/95% air. For the MTT (3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay, the cells were plated into a 96-well plate at a density of 1.0 × 10^5^ cells per well in 100 μL culture medium and allowed to attach for 24 hours. A stock solution of nanoparticles and gallic acid was prepared in dimethyl sulfoxide, and subsequently diluted in medium to obtain the desired concentration of 0.47--30 μg/mL at a final volume of 200 μL in each well. Cell viability and cytotoxicity was assessed using an MTT assay after exposure to the nanoparticles and gallic acid. Only functional mitochondrial dehydrogenase enzymes from viable cells can reduce MTT to formazan. A 20 μL aliquot of MTT solution at a concentration of 5 mg/mL was added to each well and incubated at 37°C for 3 hours. To solubilize the formazan after 3 hours of incubation, 100 μL of dimethylsulfoxide was added to each well and kept in the dark at room temperature for 30 minutes. Optical density values were measured at wavelengths of 570 nm and 630 nm using an enzyme-linked immunosorbent assay reader (Thermo Fisher Scientific Inc, Waltham, MA). Three independent experiments were carried out for each concentration of nanoparticles and gallic acid.

Characterization
----------------

Powder X-ray diffraction patterns were used to determine the crystal structure of the samples in the range of 25--70 degrees on an XRD-6000 diffractometer (Shimadzu, Tokyo, Japan) using CuK~α~ radiation (λ 1.5406 Å) at 40 kV and 30 mA. To study the functional groups, Fourier transform infrared spectroscopy of the materials was recorded over the range of 400--4000 cm^−1^ on a 1752X spectrophotometer (Perkin-Elmer, Waltham, MA) using the KBr disc method. Thermogravimetric analysis was carried out using a Mettler Toledo instrument in 150 μL alumina crucibles in the range of 20°C--1000°C. Scanning electron microscopy was used to observe the surface morphology of the samples using a JSM-6400 machine (JOEL, Tokyo, Japan). The mean particle size, size distribution, and morphology of the samples were obtained using a transmission electron microscope (Hitachi H-7100, Tokyo, Japan) at an accelerating voltage of 80 and 200 kV.

Controlled-release study
------------------------

To evaluate the controlled-release characteristics of gallic acid coated on FCG, different anions, including Cl^−^, CO~3~ ^2−^ and PO~4~ ^−3^, were used. For the release study, we used two different pH levels which are similar to the pH of the stomach and the pH of the blood. Generally, the pH of the stomach varies from 1--2 to 4--5. After eating, the stomach releases proteases and hydrochloric acid to aid digestion. In itself, the acid does not aid digestion, but the proteases that cleave proteins work best in an acidic environment. Therefore, after a high-protein meal, the stomach pH may drop to as low as 1--2. However, buffer quickly raises the pH back to 3--4. After the meal has been digested, the pH of stomach returns to a resting level of about 4--5. Before food arrives, the pH of the stomach is normally 5.0--6.0. It is clear that an ideal level of pH in the blood is about 7.4, and even changing this level slightly may have fatal consequences. Therefore, release of gallic acid from nanoparticles was determined using a 0.0001 M aqueous solution of Na~2~CO~3~ [@b32-ijn-7-5745] and Na~3~PO~4~ buffered solutions of pH 4.8[@b33-ijn-7-5745]--[@b39-ijn-7-5745] and 7.4[@b37-ijn-7-5745],[@b38-ijn-7-5745],[@b40-ijn-7-5745],[@b41-ijn-7-5745] at 37°C. The gallic acid released was measured at preset times using ultraviolet-visible spectrophotometry at 264 nm. About 21 mg of the iron oxide nanocarrier coated with chitosan and gallic acid was added to 50 mL of Na~2~CO~3~ and stirred for 24 hours, and the amount of gallic acid released was measured at λ~max~ 264 nm.

Results and discussion
======================

X-ray diffraction
-----------------

The X-ray diffraction patterns for the naked iron oxide nanoparticles and iron oxide nanoparticles coated with chitosan and gallic acid are shown in [Figure 1](#f1-ijn-7-5745){ref-type="fig"}. For both samples, six characteristic peaks observed at 2θ = 30.3°, 35.7°, 43.4°, 53.6°, 57.3°, and 62.9°, can be assigned as (220), (311), (400), (422), (511), and (440), respectively.

The diffraction peaks of each sample matched the diffraction peaks for pure iron oxide and revealed that the resulting magnetic nanoparticles were pure Fe~3~O~4~ with a cubic inverse spinel structure. It was also found that the coating process for Fe~3~O~4~ did not affect the phase change of iron oxide. X-ray diffraction patterns show the broad nature of the diffraction bands, indicating small particle sizes that can be quantitatively calculated according to the Debye-Scherrer equation, ie, (D = Kλ/β cos θ),[@b42-ijn-7-5745]--[@b44-ijn-7-5745] which shows a relationship between peak broadening in x-ray diffraction and particle size, where D is the particle size, K is the Debye-Scherrer constant (0.89), λ is the x-ray wavelength (0.15406 nm), β is the peak width of half-maximum, and θ is the diffraction angle. Using the x-ray results and this equation, the particle size of the naked iron oxide nanoparticles and of the iron oxide nanoparticles coated with chitosan and gallic acid was calculated to be 5 nm and 9 nm, respectively.

Fourier transform infrared spectra
----------------------------------

[Figure 2](#f2-ijn-7-5745){ref-type="fig"} shows the Fourier transform infrared spectra of the as-synthesized Fe~3~O~4~ nanoparticles, Fe~3~O~4~ nanoparticles coated with chitosan, and Fe~3~O~4~ coated with chitosan and gallic acid. The peak at 3429 cm^−1^ observed in spectrum A and B relates to the −OH group. The characteristic peak of Fe~3~O~4~ at around 560 cm^−1^ could be observed in all of the three spectra, and relates to the Fe−O bond. [Figure 2B](#f2-ijn-7-5745){ref-type="fig"} shows the characteristic peak absorption bands observed at 1624 cm^−1^, which can be assigned to N−H bending vibration, and the 1383 cm^−1^ peak can be assigned to −C−O stretching of the primary alcoholic group in chitosan. Also, due to the reaction of chitosan with glutaraldehyde forming a Schiff base, a sharp peak appeared at 564 cm^−1^. In the spectrum for Fe~3~O~4~ coated with chitosan, compared with the spectrum of iron oxide coated with chitosan and gallic acid nanoparticles, the 1624 cm^−1^ peak for N−H bending vibration shifted to 1565 cm^−1^ and the Fe−O bond shifted to 573 cm^−1^. It could be seen that chitosan and gallic acid were coated onto the Fe~3~O~4~ nanoparticles successfully, and the negative charges on the iron oxide surface had an affinity for chitosan and protonated it. Thus, the coating occurred by electrostatic interaction and a chemical reaction via glutaraldehyde cross-linking.

Magnetic properties
-------------------

The magnetic properties of iron oxide nanoparticles and iron oxide nanoparticles coated with chitosan and gallic acid were characterized by vibrating sample magnetometry. [Figure 3](#f3-ijn-7-5745){ref-type="fig"} shows the hysteresis loops as a function of the magnetic field at room temperature. The magnetic parameters, including saturation magnetization and remnant magnetization, are shown in [Table 1](#t1-ijn-7-5745){ref-type="table"}. The saturation magnetization of the iron oxide nanoparticles core-shelled by chitosan and gallic acid was about 26.074 emu/g, while the naked iron oxide was about 29.091 emu/g. The decrease in saturation magnetization was most likely due to the existence of coated materials and impurities on the surface of the magnetic nanoparticles.[@b45-ijn-7-5745] According to the vibrating sample magnetometry results, the nanoparticles showed superparamagnetic behavior, ie, they did not retain any magnetism after removal of the magnetic field. High magnetization and superparamagnetic properties are highly sought after for biomedical applications because the larger magnetic particles form aggregates after exposure to a magnetic field.

Thermogravimetric analysis
--------------------------

Thermogravimetric analysis is one of the most important techniques used to determine thermal stability and phyicochemical properties of compound by percent weight loss. Thermogravimetric-derivative thermogravimetric analysis of gallic acid and iron oxide nanoparticles coated with chitosan and gallic acid was performed under atmospheric conditions. The thermogravimetric analysis curves for gallic acid show the first stage of weight loss at 86°C (8.8%), which might have occurred because of removal of crystalline water ([Figure 4A](#f4-ijn-7-5745){ref-type="fig"}).

The differential thermogravimetric curves indicate the onset of weight loss at 264°C (41.0%) and 325°C (22.5%). The curved shape of the thermogravimetric-derivative thermogravimetric thermograms changed due to the coating ([Figure 4B](#f4-ijn-7-5745){ref-type="fig"}). The first weight loss at 66.5°C corresponded to the apparent minimum removal of free and chemically adsorbed water. The onset of degradation of Fe~3~O~4~ and dehydroxylation of gallic acid occurred at 227°C, which is higher than the decomposition temperature of pure gallic acid. The slow mass reduction (25.7%) occurring at 811°C is due to decomposition of chitosan. The temperature range in [Figure 4B](#f4-ijn-7-5745){ref-type="fig"} is higher than that for the pure free gallic acid ([Figure 4A](#f4-ijn-7-5745){ref-type="fig"}), indicating that the magnetic nanocarrier enhanced the thermal stability of gallic acid.

Surface properties
------------------

The surface morphology of the as-synthesized magnetite nanoparticles was observed by scanning electron microscopy. [Figure 5](#f5-ijn-7-5745){ref-type="fig"} shows typical images of naked iron oxide nanoparticles and iron oxide nanoparticles coated with chitosan and gallic acid. [Figure 5B](#f5-ijn-7-5745){ref-type="fig"} shows that the iron oxide nanoparticles had a spherical shape, and were transformed into an agglomerated structure without any specific shape, as shown in [Figure 5C and D](#f5-ijn-7-5745){ref-type="fig"}, when coating of iron oxide nanoparticles took place.

Determination of mean size and size distribution properties
-----------------------------------------------------------

Transmission electron microscopy of the magnetic iron oxide nanoparticles and iron oxide nanoparticles coated with chitosan and gallic acid was performed to determine the shape, size, and uniformity of the particles under optimum conditions. The particle size and size distribution of the particles was calculated using Image analysis software from at least 200 particles chosen randomly from all synthesized samples. The as-prepared iron oxide nanoparticles were predominantly spherical, which was confirmed by field emission scanning electron microscopy. [Figure 6](#f6-ijn-7-5745){ref-type="fig"} shows that these particles had a very small size of around 11--13 nm in diameter, with a narrow size distribution. The average size of the magnetic nanoparticles was 11.4 ± 2.2 nm, whereas the mean size of the iron oxide nanoparticles coated with chitosan and gallic acid was 14 ± 3 nm ([Figure 6D](#f6-ijn-7-5745){ref-type="fig"}).

Release behavior of gallic acid
-------------------------------

The release profiles for gallic acid from the FCG nanocarrier in aqueous solution of 0.0001 M Na~2~CO~3~ and phosphate-buffered solution at pH levels of 7.4 and 4.8 are shown in [Figure 7](#f7-ijn-7-5745){ref-type="fig"}. The gallic acid release profiles from FCG into 0.0001 M Na~2~CO~3~ solution showed a fast release at the beginning, then 70% release during the first 150 minutes, followed by a slower step of 96.7% for the second 1200 minutes ([Figure 7A](#f7-ijn-7-5745){ref-type="fig"}). The fast initial release is presumably due to release of gallic acid anions from the nanocarrier structure, and the slower release is attributed to the exchange of gallic acid in the internal core-shell structure of the nanocarrier with anions in solution. [Figures 7B and C](#f7-ijn-7-5745){ref-type="fig"} show the release profiles for gallic acid into phosphate-buffered solution at pH 4.8 and 7.4, respectively. It is obvious that the release of gallic acid from the nanocarrier depends on pH, with the release rate at pH 7.4 being remarkably lower than that at pH 4.8. The amount of gallic acid released from the nanocarrier reached 90.8% within approximately 1300 minutes when exposed to the pH 4.8 solution. When the pH of the solution was changed to 7.4, the release rate of gallic acid decreased to 58.1%. The different release rates observed at pH 4.8 and pH 7.4 could possibly be due to the different release mechanism for gallic acid in the core-shell structure of the different nanocarriers. In addition, at pH 7.4, the FCG nanocarrier is more stable, and release would occur by an anion exchange process.

Release kinetics of gallic acid
-------------------------------

In order to investigate the release kinetic behavior of gallic acid from the FCG nanocarrier, pseudo-first order ([equation 1](#FD1){ref-type="disp-formula"}), pseudo-second order ([equation 2](#FD2){ref-type="disp-formula"}), and a parabolic diffusion equation ([equation 3](#FD3){ref-type="disp-formula"}) were studied.[@b46-ijn-7-5745],[@b47-ijn-7-5745] The equations are shown below:

Ln 

(

q

e

\-

q

t

)

=

ln 

q

e

\-

k

1

t

t

/

q

t

=

1

/

k

2

q

e

2

\+

t

/

q

e

(

1

\-

M

t

/

M

0

)

/

t

=

kt

\-

0.5

\+

b

The q~e~ and q~t~ are the equilibrium release amount and the release amount at time t, respectively; k is the constant of the corresponding release rate; and M~0~ and M~t~ represent the drug content remaining in the FCG nanocarrier at release times 0 and t, respectively.

On the basis of these three models ([Figure 8](#f8-ijn-7-5745){ref-type="fig"} and [Table 2](#t2-ijn-7-5745){ref-type="table"}), it can be seen that the pseudo-second order model can be better used to describe the gallic acid release behavior than the other models. [Figure 8B](#f8-ijn-7-5745){ref-type="fig"} shows that for Na~2~CO~3~ solution, a pseudo-second order can be better fitted to the data \[correlation coefficient (R^2^) and k values are 0.9964 and 1.18 × 10^−4^ mg per minute, respectively\]. The same kinetic models were also applied to the phosphate-buffered solution at pH 7.4. [Figure 8E](#f8-ijn-7-5745){ref-type="fig"} shows a better fitted release profile at pH 7.4 using a second-order kinetics model (correlation coefficient of R^2^ = 0.9909 and a rate constant of 8.63 × 10^−5^). At pH 4.8, the release of gallic acid from FCG is consistent with a parabolic equation with a correlation coefficient of 0.9908. [Table 2](#t2-ijn-7-5745){ref-type="table"} shows the t~1/2~ time release of gallic acid into aqueous solution of Na~2~CO~3~ and phosphate-buffered solution at pH 7.4 and 4.8, which was 85 minutes and 181 minutes, respectively (for second-order kinetics).

In vitro bioassay
-----------------

The in vitro bioassay, as shown in [Figure 9](#f9-ijn-7-5745){ref-type="fig"}, tells us that, after 72 hours of treatment, neither gallic acid nor FCG was toxic to a normal human fibroblast (3T3) cell line tested using various doses (0.47, 0.94, 1.88, 3.75, 7.5, and 15.0 μg/mL) as indicated by the MTT result, whereas the cell viability of the treated well continued to rise with each increase in gallic acid or FCG concentration, reaching a value of 130% compared with control (untreated well, 100%). However, the same doses of gallic acid and FCG showed some toxicity to both MCF7 and HT29 cell lines, both of which are cancerous in nature, with cell viability decreasing to less than 30% at a gallic acid concentration of 7 μg/mL in both cell lines and to less than 80% at 15 μg/mL of FCG also on both cell lines, thus indicating the anticancer activity of gallic acid and FCG. Greater anticancer activity was seen in the HT29 cell line ([Figure 9C](#f9-ijn-7-5745){ref-type="fig"}) than in the MCF7 cell line ([Figure 9B](#f9-ijn-7-5745){ref-type="fig"}), and to the same extent with pristine gallic acid and FCG in both cell lines. Exposure to gallic acid and FCG produced a range of cytotoxicity responses in HT29 and MCF7 cell, but none was seen in the 3T3 cell line after 72 hours using the MTT assay ([Figure 9A](#f9-ijn-7-5745){ref-type="fig"}). Based on the study data, HT29 cells are more susceptible than MCF7 cells to nanoparticles containing gallic acid, although to a lesser degree than the effect seen in both cell lines using pristine gallic acid.

The toxicity shown only in cancer cells is in agreement with the anticancer properties shown by other researchers.[@b48-ijn-7-5745],[@b49-ijn-7-5745] Differences in the toxic effect of gallic acid in different cancer cell lines is likely to be due to induction of cell death or cell cycle arrest in an apparently different manner by gallic acid.[@b48-ijn-7-5745]

Conclusion
==========

This study shows that the average size of magnetite prepared using ultrasonic irradiation is about 11 nm, compared with 13 nm after coating. The as-prepared superparamagnetic iron oxide was pure iron oxide with a cubic inverse spinel structure. Fourier transform infrared spectra showed that the iron oxide nanoparticles were successfully coated by chitosan and gallic acid. This controlled-release study shows that the release rate of gallic acid from FCG depends on the pH of the media and type of the host; when pH is 7.4, the release rate is slower than that at pH 4.8. It is also apparent that gallic acid was released in a controlled manner. In vitro bioassay results show that HT29 cells are more susceptible than MCF7 cells to nanoparticles containing gallic acid, although less than the effect shown using pristine gallic acid in both cell lines.
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![X-ray diffraction patterns for (**A**) pure iron oxide nanoparticles and (**B**) iron oxide nanoparticles coated with chitosan and gallic acid.](ijn-7-5745f1){#f1-ijn-7-5745}

![Fourier transform infrared spectra of (**A**) iron oxide nanoparticles, (**B**) iron oxide nanoparticles coated with chitosan, and (**C**) iron oxide nanoparticles coated with chitosan and gallic acid.](ijn-7-5745f2){#f2-ijn-7-5745}

![Magnetization plots of (**A**) iron oxide magnetic nanoparticles and (**B**) iron oxide nanoparticles coated with chitosan and gallic acid.](ijn-7-5745f3){#f3-ijn-7-5745}

![Thermogravimetric analysis of (**A**) gallic acid and (**B**) iron oxide nanoparticles coated with chitosan and gallic acid.](ijn-7-5745f4){#f4-ijn-7-5745}

![Field emission scanning electron microscopy images of (**A**) iron oxide magnetic nanoparticles at 50,000× magnifications, (**B**) iron oxide nanoparticles at 240,000× magnification, (**C**) iron oxide nanoparticles coated with chitosan and gallic acid at 150,000× magnification, and (**D**) iron oxide nanoparticles coated with chitosan and gallic acid at 300,000× magnification.](ijn-7-5745f5){#f5-ijn-7-5745}

![Transmission electron micrographs (**A**) for iron oxide magnetic nanoparticles with 500 nm bar, (**B**) iron oxide nanoparticles coated with chitosan and gallic acid with 100 nm magnetic bar, (**C**) particle diameter of iron oxide nanoparticles, and (**D**) particle diameter of iron oxide nanoparticles coated with chitosan and gallic acid.](ijn-7-5745f6){#f6-ijn-7-5745}

![Release profiles of gallic acid from the iron oxide nanoparticles coated with chitosan and gallic acid into (**A**) aqueous solution of 0.0001 M Na~2~CO~3~, (**B**) phosphate-buffered solution at pH 4.8, and (**C**) at pH 7.4.](ijn-7-5745f7){#f7-ijn-7-5745}

###### 

Fitting graphs for gallic acid release from iron oxide nanoparticles coated with chitosan and gallic acid, into different solutions to the first-order and pseudosecond order kinetics, and the parabolic equation for 0.0001 M Na~2~CO~3~ (**A**--**C**), pH 7.4 (**D**--**F***)*, and pH 4.8 (**G**--**I**).
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![MTT assays of (**A**) normal human fibroblast (3T3) cell line, and anticancer activity in (**B**) MCF7, and (**C**) HT29 cell lines after 72 hours of treatment with gallic acid and iron oxide nanoparticles coated with chitosan and gallic acid at different concentrations.](ijn-7-5745f9){#f9-ijn-7-5745}

###### 

Magnetic properties of Fe~3~O~4~ magnetic nanoparticles and FCG

  Samples     Ms (emu/g)   Mr (emu/g)
  ----------- ------------ ------------
  Fe~3~O~4~   29.091       1.098
  FCG         26.074       1.795

**Abbreviations:** FCG, iron oxide nanoparticles coated with chitosan and gallic acid; Ms, saturation magnetization; Mr, remnant magnetization.

###### 

Correlation coefficient (R^2^), rate constant (k), and half-time (t~1/2~) obtained by fitting the data of the release of gallic acid from FCG into 0.0001 M Na~2~CO~3~ and in phosphate-buffered solution at pH 7.4 and 4.8

  Aqueous Solution   Saturated release %   R^2^     Rate constant (k) (mg/min)   t~1/2~ (min)                                                              
  ------------------ --------------------- -------- ---------------------------- -------------- ---------------------------------------------------------- -----
  Na~2~CO~3~         96.7                  0.8552   0.9964                       0.9542         1.18 × 10^−4^,[a](#tfn3-ijn-7-5745){ref-type="table-fn"}   85
  pH 7.4             58.1                  0.8822   0.9909                       0.9469         8.63 × 10^−5^,[b](#tfn3-ijn-7-5745){ref-type="table-fn"}   181
  pH 4.8             90.8                  0.9867   0.9647                       0.9908         2.29 × 10^−2^,[c](#tfn4-ijn-7-5745){ref-type="table-fn"}   150

**Notes:**

Estimated using pseudo-second order kinetics;

estimated using parabolic kinetics.

**Abbreviations:** GA, gallic acid; FCG, iron oxide nanoparticles coated with chitosan and gallic acid.
